The complement cascade is a central component of innate immunity which plays a critical role in brain inflammation. Complement C3a receptor (C3aR) is a key mediator of post-ischemic cerebral injury, and pharmacological antagonism of the C3a receptor is neuroprotective in stroke. Cerebral ischemia injures brain endothelial cells, causing blood brain barrier (BBB) disruption which further exacerbates ischemic neuronal injury. In this study, we used an in vitro model of ischemia (oxygen glucose deprivation; OGD) to investigate the protective effect of a C3aR antagonist (C3aRA, SB290157) on brain endothelial cells (bEnd.3). Following 24 hours of reperfusion, OGD-induced cell death was assessed by TUNEL and Caspase-3 staining. Western blot and immunocytochemistry were utilized to demonstrate that OGD upregulates inflammatory, oxidative stress and antioxidant markers (ICAM-1, Cox-2, Nox-2 and MnSOD) in endothelial cells and that C3aRA treatment significantly attenuate these markers. We also found that C3aRA administration restored the expression level of the tight junction protein occludin in endothelial cells following OGD. Interestingly, OGD/reperfusion injury increased the phosphorylation of ERK1/2 and C3aR inhibition significantly reduced the activation of ERK suggesting that endothelial C3aR may act via ERK signaling. Furthermore, exogenous C3a administration stimulates these same inflammatory mechanisms both with and without OGD, and C3aRA suppresses these C3a-mediated responses, supporting an antagonist role for C3aRA. Based on these results, we conclude that C3aRA administration attenuates inflammation, oxidative stress, ERK activation, and protects brain endothelial cells following experimental brain ischemia.
INTRODUCTION
Ischemic stroke is the third leading cause of death and the leading cause of disability worldwide and claims around 130,000 lives annually. Ischemic stroke causes loss of brain function due to a reduction in cerebral blood flow which suppresses oxygen and glucose levels in the brain. This in turn triggers neuronal cell death and blood brain barrier (BBB) dysfunction via activation of in- Complement C3aR Antagonism in Brain Endothelial Cells flammatory and cytotoxic molecules and oxidative stress signaling [1, 2] . Ischemia is a major cause of brain endothelial cell injury and underlies several vascular diseases including atherosclerosis, hemorrhage, brain edema, and vascular dementia [3] [4] [5] [6] . Furthermore, post-ischemic reperfusion, whether mechanical or pharmacologic, promotes secondary injury in part through increased inflammation and generation of free radicals [3, [7] [8] [9] . Brain endothelial cells are one of the primary targets of this secondary injury that promotes vascular dysfunction, including blood brain barrier (BBB) dysfunction [10, 11] and disruption of tight junctions that limit the passage of drugs from blood to brain [2] . Effective strategies to protect the vasculature against brain ischemia are still lacking.
The complement cascade, a component of innate immunity, is a critical effector of the immune response [12] . Complement activation has been implicated in several autoimmune and rheumatologic diseases, as well as stroke [13] [14] [15] . In stroke, complement activation promotes both local and systemic inflammation, triggering a wide range of processes that contribute to stroke severity and outcome [16] [17] [18] . Neurons and glia have been shown to produce complement proteins including C1q, C3, C3a, C5, and C5a [12, 19, 20] . Many reports have suggested that inhibition of complement activation is beneficial by suppressing post-ischemic inflammation and reducing infarct volume in animal models of stroke [15, [21] [22] [23] . The complement anaphylatoxins C3a and C5a, potent inflammatory mediators which function through their cognate receptors, C3a (C3aR) and C5a (C5aR), have been implicated in leukocyte activation, vascular permeability, and chemotaxis [24, 25] . Additionally, the C3a receptor plays a critical role in the pathophysiology of ischemia/reperfusion injury in diverse experimental models [21, 22, 26, 27] . Multiple studies have shown that cerebral C3aR expression was increased in mouse and rat model of stroke, and C3aR antagonism improved outcome [22, 28, 29] . Further, it was reported that the complement C3a and its receptor is involved in brain endothelial activation [30] , and the brain microvascular endothelial cells stimulated by tumor necrosis factor (TNF) exhibit C3aR activation [31] .
In the present study, we utilized a model of murine brain microvascular endothelial cells (b.End.3) subjected to oxygen-glucose deprivation (OGD) followed by reperfusion to investigate the expression of C3aR as well as the beneficial effect of C3aR antagonist (C3aRA) administration on cell death, inflammation, oxidative stress, and expression of tight junction proteins.
MATERIALS AND METHODS

Chemicals and reagents
C3aR inhibitor (SB290157) was purchased from (Calbiochem, Darmstadt, Germany). Immortalized bEnd.3 cells were purchased from American Type Culture Collection (ATCC, Manassas, VA, USA). Dulbecco' s Modified Eagle Medium (DMEM/High Glucose, GE, Utah, USA), Pen strep (Gibco, USA), FBS (VWR, USA) and all reagents used were AR and molecular grade. TUNEL assay kit was obtained from AAT Bioquest (USA). Antibodies (monoclonal anti-mouse Caspase3; monoclonal anti-mouse C3aR; monoclonal anti-mouse ICAM-1; monoclonal anti-mouse occludin; monoclonal anti-mouse Cox-2; monoclonal gp91-phox and MnSOD) were obtained from Santa Cruz Biotechnology, CA, USA. Recombinant C3a (rmC3a) was obtained from R&D system (USA). Lectin was purchased from Vector Lab (USA). Protease inhibitor cocktail was purchased from Sigma (MO). RIPA extraction buffer was procured from Fisher Scientific (USA). All secondary fluorescent antibodies were purchased from Invitrogen (USA).
Cell culture, treatment and Oxygen-Glucose deprivation (OGD)
Endothelial cell culture was performed as previously described [32] . In brief, the immortalized mouse brain endothelial cell line (bEnd.3) was cultured in DMEM with high glucose (4.5 mg/ml) supplemented with 10% FBS, and antibiotic. The cells were incubated in a CO 2 incubator with 5% CO 2 at 37℃. OGD is used as an in vitro model which best mimics in vivo ischemia/reperfusion injury. Endothelial cells were deprived of glucose and oxygen [we changed the culture medium to oxygen-, glucose free balanced salt solution (EBSS-24010-043, Gibco, USA)] by transferring into an anaerobic chamber (0% O 2 ) for 3 hrs. After OGD, cells were returned to a normoxic incubator under 5% CO 2 /95% air for 24 hours in complete medium. Normoxic bEnd.3 cells served as controls. C3aRA (10 µM in 0.1% DMSO) was added 1 hour prior to OGD. In the control group, volume equivalent 0.1% DMSO was added as vehicle. C3a (100nM in PBS) was administered with and without C3aRA prior to OGD.
TUNEL assay
Apoptotic cell death was analyzed using a terminal deoxynucleotidyl transferase-mediated uridine 5´-triphosphate-biotin nick end labeling (TUNEL) assay kit (In Situ Cell death Detection Fluorescein, Roche, Germany). In brief, bEnd.3 cells were grown on glass coverslips and after C3aRA treatment in the setting of OGD/reperfusion, cells were fixed with 4% PFA and then washed with 1X PBS three times. The fixed cells were permeabilized with 0.1% triton X-100 (PBS-T) for 5 minutes before incubating with fluorescein dUTP TUNEL reaction mixture for 1 h at 37℃. After the PBS wash, cells were counterstained with DAPI (Vector Laboratories, USA 
Immunocytochemistry
bEnd.3 cells were plated on coverslips in 6 well plates (Corning, USA) and then subjected to OGD as described above. Cells were fixed using 4% PFA for 20 minutes at room temperature. For immunofluorescence study, samples were blocked with 10% goat serum in TBS with 0.5% Triton X-100 for 1 hr. after the washing with PBS-T (0.1% Triton X-100), primary antibodies (Caspase-3, C3aR, ICAM-1 and Cox-2; Santa Cruz Biotechnology, 1:50 dilution) were added and incubated overnight at 4℃. Cells were washed 3 times with PBS-T and then again incubated in fluorescein antimouse secondary antibodies (Invitrogen, 1:200), mounted with DAPI (Vector), and analyzed using fluorescence microscope (Keyence) by using 20 and 40 × objectives. Fluorescence intensity was measured by Image J software (NIH) [33] .
Western blot
The bEnd.3 cells were homogenized in modified RIPA buffer (Upstate, Lake Placid, NY), containing 50 mM Tris, 150 mM NaCl, 1 mM EDTA, 1% Nonidet P-40, 0.25% deoxycholate, supplemented with 40 mM NaF, 2 mM Na3VO4, 0.5 mM phenylmethylsulfonyl fluoride and 1:100 (v/v) of proteinase inhibitor cocktail (Sigma). Insoluble material was removed by centrifugation at 12,000 ×g at 4℃ for 30 min. Protein concentration was determined by DC Protein Assay (Bio-Rad, Hercules, CA). Equal amount of protein was loaded on SDS-PAGE (gradient gel -4 to 20%; Pierce, Rockford, IL) and subsequently transferred to PVDF membrane 
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(Biorad) and probed with specific antibodies (anti-mouse C3aR, Occludin, gp91-phox and MnSOD; 1:1000) overnight followed by 3 washes with TBS-T. Membranes were then incubated with secondary antibodies HRP conjugated for 1 h at RT and, after 3 washes with TBS, bands were visualized using the enhanced Amersham ECL western blotting detection kit (GE Healthcare, USA). Protein expression was detected as previously described [34] . The same membranes were re-probed using β-actin as an internal control. Quantification of immunoreactivity was performed using densitometry analysis in the standard fashion (Image J software/ NIH) [33] .
Statistical analysis
Quantitative data are presented as mean±SEM. Differences among experimental groups were analyzed by analysis of variance (one-way ANOVA) followed by Newman-Keuls multiple comparison tests. Significance was defined as p<0.05. Data were analyzed using Graph Pad PRISM software.
RESULTS
OGD promotes endothelial C3aR expression
In the present study, OGD led to a significant increase in C3aR protein expression level (22.2%, vs. 10.6% control) in bEnd.3 cells relative to control. Interestingly, C3aR antagonist administration (C3aRA; SB290157) significantly reduced (14.2%) the expression of C3aR protein compared following OGD (Fig. 1A~D ).
C3aR antagonism attenuates endothelial apoptotic cell death following OGD
OGD promotes apoptotic cell death in bEND3 cells [2] . To determine whether C3aR inhibition attenuates cell death, we inves- ICAM-1 induces intracellular signaling in endothelial cells and its increased expression causes actin cytoskeleton reorganization, endothelial cell leakiness and junctional alterations [35] . OGD promotes ICAM-1 upregulation in bEnd.3 cells as compared with control. We found that C3aRA treatment significantly attenuates endothelial ICAM-1 expression. Double staining of ICAM-1 and C3aR demonstrates the co-localization of both the proteins in endothelial cells. Next, we observed a significant upregulation of endothelial Cox-2 expression following OGD which suppressed by C3aRA treatment. Upregulation of Cox-2, a rate limiting key enzyme in the synthesis of prostaglandins, mediates brain vascular inflammation [36] . These results suggest that C3aRA significantly attenuates expression of endothelial inflammatory markers following OGD which reflects decreased inflammation (Fig. 3A~C &  Fig. 4A and 4B ).
C3aRA treatment reduces oxidative stress and increases antioxidant protein expression in endothelial cells following OGD NADPH oxidase subunit gp91phox (Nox2) contributes to endothelial dysfunction and permeability and is activated by hypoxia [37] . On the other hand, the antioxidant enzyme MnSOD plays a prominent protective role in vascular inflammation [38] . Here we demonstrated that OGD significantly elevated gp91-phox expression (19.9% vs. 11% control) and decreased MnSOD level (10.8% vs. 23.1% control) in bEnd.3 cells compared with controls. C3aRA treatment attenuated the expression of gp91-phox (15.8% vs. (Fig. 5A~D) . These data suggest that C3aR antagonism reduces oxidative stress and may improve antioxidant activity following experimental OGD.
C3aRA restores endothelial expression of tight junction proteins and reduces the activation of pERK subjected to OGD
Tight junction proteins including ZO-1 and occludin play a key role in the maintenance of BBB integrity [39] . We observed decreased occludin expression (68% vs. Control) in endothelial cells subjected to OGD relative to controls. Administration of C3aRA restored occludin expression (54% vs. OGD) on following OGD (Fig. 6A and 6B ). ERK1/2 activation has been reported to promote cell death in ischemia/reperfusion injury models [9] .
Prior evidence has shown that C3aR activation leads to signaling mediated through pERK [40] . We therefore sought to evaluate levels of pERK in our model to demonstrate that endothelial C3aR inhibition functions through mediation of downstream pERK. We observed an increased expression of pERK1/2 (68% vs. control) in endothelial cells subjected to OGD relative to controls. Administration of C3aRA attenuated the expression of pERK1/2 (42% vs. OGD) following OGD ( Fig. 6C and 6D ).
C3a administration increased the activation of Caspase3, ICAM-1and pERK following OGD
To determine the effect of exogenous C3a on bENd3 cells following OGD, we found that C3a administration alone increased the expression of Caspase3, ICAM-1 and pERK. We also found that C3aRA in the presence of C3a significantly reduced the expres- sion level of these markers following OGD (Fig. 7A~H) .
DISCUSSION
In the present study, we show that C3aR inhibition reduces endothelial cell death, attenuates inflammatory and oxidative stress signaling, and restores the expression of tight junction proteins following OGD. Cerebral microvascular endothelial cell (bEnd.3) culture represents an excellent model to study brain endothelial cell vascular dysfunction, and OGD/hypoxia activates inflammatory and oxidative stress mechanisms and degrades endothelial cell barrier function [10, 16, [41] [42] [43] .
The complement system is a fundamental component of innate immunity and complement activation mediates ischemia/reperfusion injury across diverse organ systems [22, 44] . Endothelial expression of complement C3a receptor induces a variety of cellular responses, including activation of endothelial cells and increased endothelial permeability [22, 28] . Here, we investigated the protective role of C3aRA in an OGD induced endothelial cell culture model of experimental ischemia. In the present study, OGD pro- moted endothelial cell expression of the C3aR. Administration of the C3aRA reduced C3aR expression levels. This is likely the result of an indirect feedback effect due to reduced inflammatory signaling and endothelial cell activation through abrogation of C3aR signaling, and further work is necessary to characterize this mechanism. We also found that treatment with C3aRA attenuated apoptotic cell death and C3aR expression level in bEnd.3 cells subjected to OGD followed by reperfusion. Further, OGD significantly increased the expression of the inflammatory markers ICAM-1 and Cox-2, and this was expression was attenuated by C3aRA. Increased ICAM-1 expression has been shown to promote endothelial permeability, cytoskeletal reorganization and junctional alterations [35] . Cerebral endothelial ICAM-1 expression also promotes neutrophil infiltration through ischemic endothelium [22] . In the present study, C3aRA administration suppressed ICAM-1 expression, suggesting that that C3aR plays an upstream role in ICAM-1 upregulation in ischemic endothelial cells. This has been observed previously in a murine model of middle cerebral artery occlusion, where the C3aRA-treated group exhibited significant reductions in ICAM-1 expression [22] . In the present study, we also demonstrated cyclooxygenase-2 (Cox-2) upregulation in endothelial cells following OGD. Cox-2, a key enzyme in the biosynthesis of prostaglandins, is upregulated in endothelial cells following administration of LPS and VEGF [45, 46] . Cox-2 serves a crucial role in the development of vascular inflammation [36] . Our findings suggest that complement C3aR may regulate post-ischemic endothelial Cox-2 expression and C3aR antagonism may be attenuating increased Cox-2 expression. We further investigated the role of C3aRA on oxidative stress signaling pathways and observed that OGD increased NADPH oxidase subunit gp91-phox (Nox-2) expression. Several studies have suggested that ischemia/reperfusion generates increased reactive oxygen species (ROS) that in turn play a major role in endothelial cell (EC) activation and barrier function; and that the major source of ROS in endothelial cells is NADPH oxidase [47] . It is known that NADPH oxidase is activated by several factors including hypoxia, growth factors, cytokines and shear stress [48] , and that Nox-2 is a critical component of endothelial NADPH oxidase [47] . Here, we found that C3aRA treatment significantly reduced Nox-2 expression in endothelial cells subjected to OGD, and our data is an agreement with a recent study showing that complement receptor 3 mediates NADPH oxidase activation [49] . On the other hand, we noted that mitochondrial superoxide dismutase (Mn-SOD) expression was suppressed in endothelial cells subjected to OGD and treatment with C3aRA restored its expression level significantly. There is a balance between intracellular ROS and antioxidant enzymes including SODs, whose main function is to convert O 2 -to H 2 O 2 [47] . MnSOD may participate in cellular defense in cerebral endothelial cells and there is profound MnSOD loss in cerebral endothelial cells due to oxidative stress [50] . Some reports suggest that MnSOD contributes in antioxidant defense in endothelial cells and the regulation of blood-brain barrier [51, 52] . Our data demonstrate that C3aRA treatment protects cerebral endothelial cells by supporting the intracellular antioxidant defense system against OGD induced oxidative stress. The blood-brain barrier (BBB) serves to maintain the homeostasis of the central nervous system (CNS), and endothelial cells along with glia and pericytes comprise this important structure. Endothelial cells which constitute the BBB exhibit a specific phenotype characterized by the presence of tight junctions (TJs) and the expression of a uniquely polarized transport system [53] . Brain endothelial TJs are composed of integral membrane proteins, including occludin, which are crucial to BBB function [53, 54] . In the present study, we found that endothelial expression of occludin was suppressed following OGD and administration of C3aRA restored its expression. Similar results have been observed for expression of tight junction proteins in brain endothelial cells, which are downregulated by beta amyloid toxicity [43] . In another study, disruption of occludin expression in brain endothelial cells was reported following hypoxia/aglycemia [42] . Our results are in agreement with recent study in which hypoxia/OGD induces endothelial barrier dysfunction by downregulating tight junction proteins [41] . We further tested the hypothesis that C3aR activation functions through ERK1/2 pathway signaling in endothelial cells subjected to OGD. We found that the OGD significantly increased the phosphorylation of ERK1/2 and inhibition of C3aR attenuated the ERK1/2 expression level. It has been noted that ischemia induces activation of ERK1/2 signaling in cerebral endothelial cells which triggers endothelial cell death, and on the other hand ERK1 and ERK2 regulate endothelial cell proliferation and migration in angiogenesis [8, 9] . Interestingly, NADPH oxidase has been reported to be involved in activation of ERK signaling, and ERK1/2 cascade activates Cox-2 and ICAM-1signaling in different disease models [49, 55, 56] . Moreover, SODs prevent ERK activation and cell death [9] . Our finding is an agreement with other studies which reported complement activation through C3a and C5a induces ERK1/2 signaling during ischemia/ reperfusion injury [57, 58] . Together these data provide mechanistic insight into the fact that C3aR inhibition during ischemia/reperfusion may attenuate expression of Nox2/ ICAM-1/Cox-2 and prevent endothelial cell death through ERK signaling. Next we administered exogenous C3a alone on bEnd3 cells with and without C3aRA following OGD. We found that C3a administration significantly increased endothelial cell expression Complement C3aR Antagonism in Brain Endothelial Cells level of Caspase-3, ICAM-1 and pERK in OGD compared with OGD alone. C3aRA administration reduced the expression level of these same markers both with and without C3a. C3a is a pro-inflammatory molecule and locally produced C3a interacts with its G-protein-coupled receptor C3aR and is involved in endothelial activation and increasing vascular permeability [30, 31, 59] . Our finding suggests that C3a contributes in cell death and inflammation in OGD and antagonism of the C3a receptor reduced its proinflammatory effect in brain endothelial cells.
In conclusion, the present study demonstrates a potential protective role for C3a receptor antagonist administration in cerebral endothelial cells subjected to experimental OGD through the attenuation of caspase-mediated apoptosis, inflammation, oxidative stress and ERK signaling (Fig. 8) . C3aRA treatment also restores the expression of tight junction proteins and may have a beneficial effect on BBB function following experimental ischemia. These results contribute to our understanding of the function of C3aR in endothelial cells as well as the mechanisms underlying C3aR-mediated neuroprotection in brain endothelial cells. 
